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Capillary uHraflftratlon Is a novel sampling method convenient 
for low molecular weight substances In Irving biological systems. 
By application of a negative pressure across a hydrophlllc 
membrane capillary, small molecules are actively "pulled" 
across the membrane and collected. By elimination of large 
molecules and cellular matter, the uttrafittrate collected Is 
well suited for further analysis by liquid chromatography, 
capillary electrophoresis, or mass spectrometry. Ultra filtration 
probes (UF probes) provide a simple means to obtain a small- 
volume sample from subcutaneous tissue, blood, saliva, or any 
other biological fluid In vivo. The dependence of recovery on 
flow rate, temperature, membrane dimensions, and vacuum 
magnitude are considered. The relative merits of capillary 
ultrafiltration probes and mlcrodlalysls probes are considered. 
UF probe applications presented Include In vivo monitoring of 
drug disposition In human saliva and In the subcutaneous space 
of awake, freely moving rats. 



INTRODUCTION 

Determination of low molecular weight substances in fully 
functioning biological systems is a goal long sought by 
scientists in pharmacology, toxicology, drug metabolism, and 
clinical chemistry, among other disciplines. A great deal of 
effort is directed at obtaining reproducible samples rapidly 
enough to follow the metabolic events of interest. In addition, 
removing undesirable components that might interfere with 
the determination of the analyte of interest is necessary. 
Although the ideal methodology does not eiist at this time, 
microdialysis l " s and ultrafiltration* 7 show great promise for 
in vivo monitoring. 

Ultrafiltration has been used in vitro for sample preparation 
by means of centrifugal membrane filters for several decades 
Capillary ultrafiltration probes provide a new format to 
address several of the problems associated with sampling in 
biological media. The concept was originally developed for 
in vivo use spec iilcally as a part of a glucose monitoring system 
for diabetics. 6 Capillary ultrafiltration probes (UF probes) 
use a negative pressure gradient to create a flow of fluid across 
a hydrophilic membrane. The membrane excludes proteins 
and other cellular matter while allowing the extracellular fluid 
and small molecules or ions to pass through. This provides 
an ultrafiltrate that is well suited for analysis by liquid 
chromatography, capillary electrophoresis, or mass spec- 
trometry. Since the process of ultrafiltration is a convective 
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215. 
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<7) Schramm. W. Anal. Chim. Acta 1991, 246, 5 17-S2S. 



process, high relative recoveries are achieved for small 
analytes, typically greater than 90^, UF probes can be 
implanted in vivo in subcutaneous tissue for long periods of 
time, at least 6 months, 6 and provide clean samples rapidly 
(1-5 ;iL/min). The magnitude of analyte flux across the 
membrane is a function of temperature, pressure differential, 
membrane dimensions and material. A preliminary study of 
these parameters and the other practical factors affecting 
the use and implementation of UF probes for in vivo study 
are presented here. 

It is beneficial to consider the differences and similaritie 
of capillary ultrafiltration and capillary microdialysis for the 
sampling of small molecules in vivo. Microdialysis has proven 
to be an excellent sampling technique for in vivo sampling 
of the brain, liver, eye, and heart and subcutaneous area. It 
shows great promise for studies of the metabolism, pharma- 
cokinetics, and bioavailability of therapeutic drugs. 1 " 5 

Due to their simplicity and ruggedness, UF probes have 
the potential to be used for many applications. Two initial 
areas of investigation were explored in this study. In vivo 
saliva collection is one area of interest. Saliva has been shown 
to be a good media to monitor some therapeutic drugs* -10 and 
metabolites, 11 and has been shown to track the concentration 
of many small molecules in blood plasma quite well. The 
disposition of controlled release theophylline tablets was 
monitored in saliva by capillary ultrafiltration. Monitoring 
of therapeutic drug disposition in subcutaneous tissue is also 
well suited to study using the capillary ultrafiltration tech- 
nique. The disposition of acetaminophen was observed in 
awake freely moving rats. 

PRINCIPLES OF ULTRAFILTRATION 

In ultrafiltration, a pressure gradient across a semiper- 
meable membrane causes solvent (water) and small analytes 
to pass through the membrane leaving large substances 
behind. The flux (mol/(cm- s)) through the membrane is 
dependent on thesizeof the given analyte, the transmembrane 
pressure, the viscosity of the fluid (sample media), the 
membrane thickness, and the structure of the membrane. 
The flux dependence on the pressure gradient is nonlinear 
at lower vacuum gradients and becomes constant at higher 
gradients. The mathematical relationships and other features 
of the ultrafiltration process have been reviewed. 12 The 
influence of temperature is very critical during in vivo 
experiments in that membrane fluidity, solution viscosity, 
blood How, and metabolic rates are all affected. Polyacry- 
lonitrile membranes with reported molecular weight cutoffs 
iMWCO) of 30 000 were used in this study. Since the 



•8) Dan hot", M . Breiraer. D. D. Clin. Pharm 1978. 3, 36-57. 

'9> Ritschel. W. A., Tompaon, G. A. Methods Find Exp. Clin. 
Pharmacol. 1983, 5 (8), 511-525. 

(10) Horning, M. G., Broam, L.; Nowlin. J.; LertraLanangkoon, K.; 
Kellawflv, P.; Zoin, T. E. Clin. Chem. 1977, 23 i2>, 157-164. 

ill) MucUow. J. C. Ther. Drug. Monit 1982, 4 <3). 229-247. 

(12 1 Lloyd. D R ; Meluch, T. B. Material Science of Sy nthetic 
Membranes, ACS Sympsium Sereia 269; American Chemical Society 
Wadhin^ton. DC. 1985. 
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Figure 1. Schematic of a UF-3-7 PAN capinary uttrafirtratton probe 
wfth a Vacutalrw collection system. 



membrane is under a vacuum, thick membranes, typically 
>40 of small internal diameter are more successful, in 
that the membrane does not collapse under the applied 
vacuum. Thicker membranes do, however, lower the flux 
and the recovery of some analytes due to interactions with 
the membrane structure. The UF probes utilized here have 
three membrane loops of 7-16 cm and provide flow rates of 

2- 5 ^L/min. These are not intended to be the ultimate 
embellishment of this technique. Other formats are being 
utilized for other specific applications. 

EXPERIMENTAL SECTION 

Ultrafiltration Probes. Prototype ultrafiltration probes UF- 
3-7, UF-3-12, and UF-3-16 were provided by Bioanalytical 
Systems, BAS (West Lafayeete, IN). These probes consisted of 
three loops of polyacrylonitrile (PAN) membrane between 7 and 
16 cm long. The PAN membrane is 310-Mm o.d and 220-^m i.d. 
and has a reported 30 000 MWCO. A 1-cm length of the implanted 
membrane filter has an internal volume of 0.38 mL. The probes 
use Teflon tubing for connection to a vacuum source and use soft 
polyurethane connectors to allow for greater biocompatability 
and flexibility. 13 An example of a capillary ultrafiltration probe, 
with a Vacutainer collection vessel, is shown in Figure 1. 

Vacuum Sources. Two primary methods were used to create 
the vacuum for ultrafiltration. A 2-mL Vacutainer (Becton/ 
Dickinson, Rutherford, NJ) with approximately 1 -in. Hg works 
very well for collecting samples. A small 250-mL vial (Chromacol, 

03- CVG, Trumbull, CT) is placed inside the Vacutainer, and the 
vacuum is replaced by using a 60-mL syringe. An example is 
shown in Figure 1 . The second method is the use of a peristaltic 
pump. A peristaltic pump (Minipuls 2, Gilson, France) using 
0.007-in. i.d. tubing can produce a variable but controlled flow 
which supports a pressure differential. The peristaltic pump is 
useful when it is desirable for the collection of samples to be 
continuously automated. A modified peristaltic pump tubing 
with lOO-^m-i-d. fused-silica tubing inserted inside has provided 
an excellent system for automated collection with an internal 
volume less than 7 mL. Coupled to a CMA/ 140 fraction collector 
(BAS, West Lafayette, IN) it permits totally unattended operation 
of sample collection. The peristaltic pump was used for 
characterization and in vivo subcutaneous tissue studies, while 
the Vacutainer system was used only for in vivo saliva collection 
studies. 

Ultrafiltration Characterization. A Metier AE 1 66 balance 
was used for weighing the ultrafiltrate samples during bulk flow 



U3! Szycher. M.; Siciliano, A. A.; Reed, A M Medical Des Water 
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FYgur* 2. Schematic of the awake animal capillary ultrafiltration 
collection system. 

determinations. Samples were collected for a specific time, 
usually 5 min, and weighed. Timing was done using a stopwatch. 
For temperature control a Pierce Reacti-therm (Rockford, IL) 
heating block was used. All in vitro solutions were constantly 
stirred using a magnetic stirring plate. 

Monitoring of Theophylline in Saliva. Experimental 
subjects fasted 12 h before the experiment and 2 h after dosing 
(Uniphyl 400- mg 24-h controlled release tablet) with 180 mL of 
water. After flushing the mouth with water and chewing on a 
piece of parafilm for about 1 min to stimulate saliva flow, samples 
were taken for 3 min, at 15-min intervals for 4 h. Samples were 
then directly analyzed by reversed-phase liquid chromatography. 

In Vivo Monitoring of Acetaminophen in Subcutaneous 
Tissue. Long Evans rats (200-250 g) were anesthetized using 
ketamine/xylazine (0. 1 mL/ 100 g). Either a UF-3-12 or UF-3-16 
probe was implanted in the subcutaneous tissue of the back. The 
probe was sutured to the skin to secure it. The rats were placed 
in an BAS/ CMA awake animal bowl. A collar was attached and 
secured through a wire theather to a single channel swivel attached 
to a counter-balanced arm. This arrangement allows for freedom 
of movement for the animal and is illustrated in Figure 2. After 
the rats recovered from surgery, between 8 and 12 h t the UF 
probe was attached to a peristaltic pump through the swivel. 
The pump was set to a flow rate of 44 t*L/ min; producing a vacuum 
to achieve an ultrafiltration rate of 2.4 ±0.1 ^L/min (n = 56). 
A stock solution of acetaminophen (1 mg/mL) was made in 
Ringer's solution, and 2.0 mg/kg was injected interperitoneally. 
Ultrafiltrates were collected continuously using a BAS/CMA 140 
fraction collector and were directly analyzed by reversed-phase 
liquid chromatography. 

Chromatography. Liquid chromatography was carried out 
with a BAS 200A liquid chromatograph (BioanalyticaJ Systems, 
West Lafayette, FN). Separations were carried out onaBiophase 
C 1S , 3-Mm, 1 00 -mm by 3.2-mm column at 35 °C and 1 mL/min, 
except for subcutaneous acetaminophen determination which 
used a Biophase 250-mm by 4.6-mm octylsilane column. For the 
separation of theophylline in saliva a mobile phase of 100 mM 
phosphate buffer at pH 6.1 with 5^ acetonitrile was used. 
Detection for theophylline was accomplished using the variable- 
wavelength UV detector set at 270 nm. For acetaminophen 
determinations the mobile phase consisted of 75 mM monochlo- 
roacetic acid (pH 3.1), 0.67 mM EDTA, and 2.5% acetonitrile 
was used. Electrochemical detection was accomplished using a 
3 -mm glassy-carbon electrode at +750 mV vs Ag/AgCl. 

Capillary Electrophoresis. An in-house-built capillary 
electrophoresis system was used for all experiments. Brij 35/ 
akylsilane capillaries prepared according to the method of Towns 
and Regnier 14 were used for separations. The 75-Mm-i.d. cap- 
illaries were 50 cm long, with detection at 25 cm. Detection was 
accomplished by UV absorption at 214 nm. Injections were done 
by hydrodynamic syphon for 10 s at 20 cm. Samples were 
electrophoresed under a potential of 300 V/cm. 

Reagents. Acetaminophen, theophylline, and protein stan- 
dards were purchased from Sigma (St. Louis, MO) and used as 
received. All buffer reagents were reagent grade and purchased 
from Aldrich Chemical (Milwaukee, Wl). HPLC grade aceto- 
nitrile (Baxter) was used. All solutions were made with double 
distilled deionized waterand filtered using0.22-Mm Nylon filters. 



rl4> Towns, I. K.; Regnier, F E. Anal. Chem 199!, 63. 1126-1132. 



BNSDOCID: <XP 938635A_I_> 



ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992 • 2833 



Table I. Comparison of Ultrafiltration and Microdialysig as in Vivo Sampling Methods 



microdialysis 



ultrafiltration 



3ample condition 

sample dilution 

spatial resolution 

time resolution (typical) 

flow rate control 
sample collection rate 
mol wt range 

mode of collection 
awake animals 
tissue restrictions 
ease of automation 



extracellular fluid- ready for analysis 

relatively little, >90% 
cone recovery 
good in specific tissue 
1-5 min 



physiological saline solution-ready 

for analysis 
yes, 5-30'" 
cone recovery' 
excellent 
1-5 min 

(both depend on the sample volume needed) 
yes, very precise limited ±5% 

0.1-10 M L/min 0.1-10 M L/min 

recoveries drop exponentially with depends on membrane structure 

increasing mass and compound of interest 

passive-diffusion cone gradient active-pressure gradient 

yes y es 

none yes, requires large fluid turn over 

fraction collection and on-line fraction collection only 

to instrument 



RESULTS AND DISCUSSION 

Sampling and determining the extracellular concentration 
of small molecule3 in living biological systems present a huge 
problem. No single methodology is useful for all situations. 
Capillary ultrafiltration probes provide a solution to the 
problems of time-dependent sampling, rapid continuous 
sampling, enzymatic degradation of the sample, and sampling 
freely behaving animals. In addition to capillary ultrafil- 
tration, microdialysis also provides these advantages. 15 Low 
relative recoveries due to sample dilution, delicate probes 
with rigid components, and uncertainties in calculating 
interstitial concentrations can present hurdles for microdi- 
alysis in some circumstances. 15 Capillary ultrafiltration may 
provide a solution to several of these concerns. Table I 
outlines the differences and similarities of these two in vivo 
sampling techniques. 

UF probes provide a sample in which all high molecular 
weight components including enzymes, proteins, and cellular 
particulate matter are removed. In order to observe the 
effectiveness of capillary ultrafiltration to remove high 
molecular weight molecules, samples of proteins with varied 
molecular masses were ultrafiltrated and analyzed by capillary 
electrophoresis. The proteins included apoprotein (MW 
6500), insulin (MW 5800), myoglobin, cytocrome c, ribonu- 
clease, and serum albumin. Using the PAN membranes, no 
protein was ever seen in the ultraflltrate. These results lead 
us to believe that the PAN membranes effective MWCO is 
much lower than 30 000 when used under a negative pressure 
and they are effective at removing any potentially interfering 
proteins. 

Capillary ultrafiltration probes provide very high recoveries 
of small molecules. One concern with microdialysis is that 
very low relative concentration recoveries are achieved, since 
it is a diffusion-based technique using small probes. In vitro 
and in vivo recoveries are seldom identical due to the fact 
that diffusion of the analytes through the tissue is the limiting 
factor in the collection of the analyte. 16 Typical microdialysis 
recoveries are between 5 and 30^ at flow rates of 1 ^L/min. 
Ultrafiltration provides higher recoveries, typically greater 
than 90%, because the process includes an active transport 
of fluid across the membrane. Table II illustrates recoveries 
of several different small molecules of interest. The mem- 
brane only acts by a sieving mechanism and the pressure 
difference creates the flux across the membrane (rather than 
diffusion alone). Ideal (100%) recoveries are not obtained 
for all molecules. Water molecules and small ions are 



{ 15) Benveniate, H.; Jon Hanson. A., Saabye, 0., Niels, J Seurochem. 
1989, 52, 6. 1741-1750. 

i\6) Bungev, P. M.; Morrison, P F.. Dedrick, R. L. J. Seurochem. 
1991. 57, 103-109. 



Table II. 
Interest 



Ultrafiltrate Recovery for Several Compound* of 



compd 



v ' c recovery 
±SD° 



compd 



% recovery 
± SI> 



acetaminophen 
cefazolin 
theophylline 
tryptophan 



97.6 ± 0.83 
95.2 ± 1.83 

100.2 ±0.80 

92.7 ± 0.095 



ascorbic acid 

glucose 

amoxicillin 



99.5 ± 1,05 
98.0 ± 100 
97.3 ± 1.36 



a n - 5 for all analyte9. All samples were prepared in Ringer's 
solution, and experiments were performed at 27 °C with constant 
stirring. Each analyte concentration was between 1 and 5 Mg/mL- 

Table III. Comparison of Ultrafiltration Recoveries with 
Variation in Concentration of Analyte 



cone of 
acetaminophen, 
Mg/mL 



% recovery 
±SD° 



cone of 
acetaminophen, 
Mg/mL 



% recovery 



10 
5 
1 



99.7 ± 0.90 
100.7 ± 1.3 
98.6 ± 1.27 



0.5 
0.25 



100.7 ± 1.41 
100.4 ± 2.3 



0 n = 5 for all concentrations. All samples were prepared in Ringer's 
solution, constantly stirred, and performed at 27 °C. 

statistically more likely to pass through the membrane 
unobstructed and are less likely to experience hydrophobic 
or electrostatic interactions with the membrane. As a 
consequence recoveries are typically greater than 90% for 
small molecules. Variation in concentration of a analyte does 
not change the relative recovery. Table III illustrates 
recoveries for acetaminophen at several different concen- 
trations. Using the students t test, these values are not 
statistically different. 

Capillary ultrafiltration can be used for in vivo sampling 
in awake animals. Ultrafiltration probes are well suited for 
use in tissues that have a high fluid turnover and are not 
substantially affected by loss of fluid. A typical ultrafiltration 
capillary removes extracellular fluid at 50 (nL/min)/mm of 
membrane. UF probes can provide constant sampling rates 
in subcutaneous tissue. Using UF-3-16 PAN a flow rate of 
2.4 ±0. 1 AiL/min ( n ~ 56) was obtained in subcutaneous tissue. 
Only tissue that can sustain these losses are potential sampling 
sites for ultrafiltration. Microdialysis probes are especially 
useful for small animals and organs. There is no net fluid 
loss from the tissue in microdialysis, and this is especially 
advantageous in organs that cannot sustain fluid loss. The 
effects of loss of extracellular fluid in relation to physiological 
response is unknown at this time. 

UF probes are currently quite large compared to most 
microdialysis probes. Using polyacrylonitrile membrane 
material, fibers need to be at least 7-16 cm long to achieve 



BNSDOCID: <XP 938635A_L> 



2834 • ANALYTICAL CHEMISTRY! 



64, NO 22. NOVEMBER 15, 1992 



3> 



30' 



P 

/ 



E 



2 0 



1 5 



2 

1 0 



0 5 



200 400 60C 

Re'aive Vacuum Magr.,tude 



-50 



Figure 3. Uttraflttrate flow (O) for a UF-3-7 PAN probe and relative 
recovery (▲) of acetaminophen at Increasing vacuum (as Indicated by 
nominal flow rate setting on a peristaltic pump). 

practical in vivo flow rates ( 1-5 fiL/min), whereas microdialysis 
capillaries under 1 cm in length are quite common. Since UF 
probes remove extracellular fluid from the animal, the 
temperature and activity of the animal are important. In 
anesthetized animal9 the drop in body temperature and 
circulat ion of fluids can cause decreased ultrafiltration rates. 
The ultrafiltration flow has been found to change linearly in 
vitro at a rate of 0.3 (mL/ min)/°C for a UF-3-7 probe (n = 3). 

In ultrafiltration the flow rate is dependent on the 
dimensions of the membrane (membrane surface area) and 
differential pressure, while relative recovery is not. This is 
illustrated in Figure 3, which shows both the dependence of 
UF flow on vacuum magnitude for a UF-3-7 PAN probe and 
the constant recovery of acetaminophen obtained at these 
vacuum magnitudes. As it is illustrated, the UF flow is 
dependent on vacuum magnitude but is limited by the flux 
of water across the membrane. The probe size or membrane 
surface area and vacuum magnitude are the factors that limit 
UF flow. If more rapid sample collection rates are required, 
a larger membrane surface area can be used. In microdialysis 
the relative recovery is exponentially related to the perfusion 
flow rate since the transport is mediated by diffusion. The 
sampling rate is therefore limited by the volume of sample 
needed for analysis. Most microdialysis experiments are 
carried out at flow rates less than 3 ML/mi n for this reason. 

Capillary ultrafiltration can be carried out continuously in 
awake animals for extended periods of time with fully 
automated systems. Microdialysis has become very popular 
due to the ability to sample awake animals continuously and 
conduct lengthy experiment* with either on-line analysis or 
automated sample collection systems. Capillary ultrafiltra- 
tion probes can function similarly. UF probes implanted in 
subcutaneous tissue can be attached to a peristaltic pump 
and fraction collector, enabling samples to be automatically 
collected. Ultrafiltration can be more difficult with on-line 
chromatographic systems due to "outgassing" (bubble seg- 
mented flow in the collection line). 

Therapeutic Drug Monitoring in Saliva. Saliva is a 
biological fluid that has great promise as a therapeutic drug 
monitoring medium. 9 " 10 For many drugs, metabolites, and 
biomolecules the saliva concentrations are a good represen- 
tation of blood plasma levels. 9 Ultrafiltration probes are well- 
suited for sampling in saliva- The UF-3-7 PAN probes provide 
a rapid in vivo sampling method that is not invasive, avoids 
the unpleasantness of expectorating into a cup, and can 
provide 20 M L of "clean" microbe and protein-free sample in 
4 min. This allows for more simplified assay methods and 
direct injection of the ultrafiltrate. 

To demonstrate this concept, the monitoring of the common 
broncial dialator theophylline in saliva is presented. A 
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Figure 4. Two examples of in situ monitoring of theophylline In saliva 
after dosing with a controlled release 400 mg of UrUphyl tablet using 
capillary uHrafiltratk>n. Both curves were done on the same subject 
on separate days. 
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Figure 5. Disposition curves for ftve differ ent rats dosed with 2.0 
mg/kg acetaminophen obtained using capillary ultra ffttratlon probes 
Implanted In the subcutaneous tissue. 

pharmacokinetic model for theophylline using Baliva as a 
monitoring medium has been reported. 17 Using UF-3-7 PAN 
probes theophylline concentration was followed in saliva. Two 
representative disposition curves are presented in Figure 4. 
This was only a preliminary study to explore the possible 
utility of UF probes, not to determine pharmacokinetic 
parameters for the dosage form used. 

In Vivo Monitoring of Acetaminophen. The monitoring 
of the disposition of APAP in subcutaneous tissue in awake 
rata is presented. Ultrafiltration probes were implanted into 
the subcutaneous tissue along the back of five rats for these 
experiments. The animals were anesthetized before implan- 
tation and then allowed to recover for 8-12 h prior to dosing 
interperitonealy (2.0 mg/kg). The dynamics of acetami- 
nophen was monitored while the animals were awake and 
freely moving. The results from five different animals are 
shown in Figure 5. These results compare very well with 
microdialysis experiments monitoring acetaminophen in the 
jugular vein of rats. 5 

CONCLUSIONS 

Capillary ultrafiltration probes provide an alternative 
sampling technique for small molecules in living biological 



(17) Opilvie, R. L Clin. Pharmacokinet . 1978. J, 267-293. 
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systems. UF probes remove large molecules, enzymes, and 
cellular matter that can degrade analytes and instrument 
performance, while providing high recoveries of small mol- 
ecules. UF probes are made from biocompatible, soft 
components and can be implanted in awake animals for 
extended periods. UF probes are ideal for monitoring drug 
disposition in subcutaneous tissue and can be used in situ for 
saliva collection. In addition to the experiment* presented 
here the dynamics of cefazolin, amoxicillin, theophylline, 
glucose, lactic acid, and pyruvate have been monitored in 



vivo by ultrafiltration and will be presented in future 
publications. 
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(57) Abstract 

Closed circular DNA 
can be recovered from a cells or 
subcellular organelles contain- 
ing closed circular DNA by a 
method comprising, in se- 
quence, the steps of: (a) lysing 
the cells or organelles to release 
DNA, for example with a com- 
bination of lysozyme and heat 
or detergent; (b) enzymatically 
treating the released plasmid 
DNA with a proteolytic enzyme 
such as Proteinase K; (c) enzy- 
matically treating the proteolyt- 
ic enzyme-treated plasmid 
DNA with RNase and topoi- 
somerase (I); (d) selectively en- 
zymatically digesting the non- 
circular nucleic acids from the 
microorganism; and (e) rec- 
overing closed circular DNA. 
The method is particularly ap- 
plicable to recovery and purifi- 
cation of plasmid DNA from 

e. co a. 
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Method For Preparation of Closed Circular DNA 

Background of the Invention 

This application relates to a new method for 
preparing plasmid and other closed circular DNA which 
is readily automated* 

Plasmids are small circular pieces of DNA found 
naturally and as a result of human intervention in many 
bacteria, particularly E. coli . Because many copies of 
an individual plasmid are frequently present within the 
host organism, and because plasmids are both reproduced 
and in many cases expressed by the host organism, 
plasmids have come to play a major role in many 
biotechnological processes. Indeed, the preparation of 
plasmid DNA containing a nucleic acid fragment of 
interest is a routine procedural precursor to such 
other procedures as DNA sequencing, restriction 
digestion, cloning, probing, amplification (e.g., PCR) , 
hybridization, in vitro transcription or mutagenesis. 

At present, there are two methods which are 
commonly used to prepare plasmid DNA from cultures of 
E. coli : the alkaline lysis method and the boiling 
method. Sambrook et al., Molecular Cloning , 2d ed. , p. 
1.21 (1989). Both methods depend on the use of 
centrif ugation to purify plasmid at several stages of 
the procedures, including centrif ugation of chromosomal 
DNA, centrif ugation of phenol and chloroform 
extractions, and centrif ugation of the ethanol 
precipitate. In the alkaline lysis method, sodium 
hydroxide and sodium dodecyl sulfate (SDS) are used to 
lyse cells, after which acetate and acetic acid are 
added to precipitate chromosomal DNA. The precipitated 
DNA is removed by centrif ugation and the supernatant is 
recovered and extracted with l:l phenol : chloroform. 
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Plasmid DNA is then precipitated by adding ethanol and 
recovered by centrifugation. Finally, RNA is removed 
from the recovered plasmid DNA by resuspending the 
material in buffer containing pancreatic RNase. 
5 The boiling method for preparing plasmids uses 

lysozyme in a boiling water bath to lyse the cells. 
Chromosomal DNA and cellular debris are removed by 
centrifugation and the supernatant containing the 
plasmid DNA is treated with sodium acetate and 
10 isopropanol to precipitate the plasmids. This 

precipitate is recovered by centrifugation, and treated 

with RNase. 

One commercially available instrument for 
preparing plasmid DNA contains a built in centrifuge 

15 and isolates plasmid DNA using the alkaline lysis 

method. The throughput of this machine is limited to 
about 40 plasmid preps per day, the equivalent of what 
a single technician can achieve by hand in one day. 
The human genome project and other efforts which could 

20 involve the need for hundreds of thousands of plasmid 
preparations before completion make it clear that this 
throughput level is unacceptable. There exists, 
therefore, a real need for a preparation technique 
which can be performed rapidly and simply by automated 

25 equipment. This invention satisfies that need. 

Summary of the Invention 

In accordance with an embodiment of the invention, 
closed circular DNA can be recovered from cells or 
30 subcellular organelles containing closed circular DNA 
by a method comprising, in sequence, the steps of: 

(a) lysing the cells or organelles to release 
DNA, for example with a combination of lysozyme and 
heat or detergent; 
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(b) enzymatically treating the released 
plasmid DNA with a proteolytic enzyme such as 
Proteinase K; 

(c) enzymatically treating the proteolytic 
enzyme-treated plasmid DNA with RNase and 
topoisomerase I ; 

(d) selectively enzymatically digesting the 
non-circular nucleic acids from the microorganism; and 

(e) recovering closed circular DNA. 

The method is particularly applicable to recovery and 
purification of plasmid DNA from E . coli . 

Brief Description of the Drawings 

Fig. 1 shows an automated instrument for 

performing the method of the invention; 

Fig. 2 shows a modified microtiter sample holder 

useful in automating the present invention. 

Figs. 3 and 4 show cross sections of a single 

sample well. 

Detailed Description of the Invention 

The present invention is applicable generally to 
the isolation of closed circular DNA, both single and 
double stranded, from other DNA. Thus, the invention 
is applicable both to the preparation of plasmid 
samples and to preparation of circular phage DNA (e.g. 
phage M13 which is frequently used as a cloning vector) 
and DNA isolated from organelles such as chloroplasts 
and mitochondria. The method can also be employed in 
modified form to isolate viral DNA from host nucleic 
acids . 

The first step of the method for preparing 
purified circular DNA in accordance with the invention 
is lysis of the host microorganism. For E. coli , lysis 
can be accomplished by a combination of enzymatic 
treatment with lysozyme followed by heat treatment at a 
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time and temperature sufficient to accomplish the 
result of making DNA available for subsequent enzymatic 
attack. Other methods for cell lysis can also be 
employed provided that the lysis method does not nick 
5 the plasmid DNA. For example, exposure to alkaline 
conditions (pH 13-14) after lysozyme treatment or 
species specif ic-lytic agents such as lysostaphin for 
staphylococci may be employed. Lyticase or zymolase can 
be used to lyse yeast cells, while detergent alone 

10 should be sufficient in the case of mammalian cells, 
insect cells (e.g. for baculovirus isolation), 
chloroplasts or mitochondria. Cellulase may be a 
suitable lytic enzyme for isolation from plant cells. 
Following cell lysis, the cell preparation is 

15 enzymatically treated with a protease enzyme to destroy 
the cell structure and free nucleic acids from proteins 
(e.g., histones) which might interfere with subsequent 
enzymatic degradation steps. A suitable enzyme for 
this purpose is Proteinase K, a commercially available 

20 protease secreted extracellular ly by Tritirachium album 
(Sigma Chemical Co., St. Louis, MO). Proteinase K is a 
serine endoproteinase of the bacterial subtilisin 
family that rapidly and non-specif ically hydrolyzes 
native proteins. Conveniently, proteinase K remains 

25 active in the presence of urea and SDS and other 
detergents such that denaturants may be added to 
facilitate the proteolytic digestion and is active at 
relatively high temperatures which allows accelerated 
proteolysis. Detergents, such as TRITON X-100, may 

3 0 also be added to facilitate the proteolytic digestion. 
After incubating the lysed bacteria in the 
protease enzyme for a period of time sufficient to 
substantially clarify the preparation, the protease 
enzyme is inactivated to prevent degradation of 

35 subsequently added enzymes. This inactivation is 

conveniently done by heating the preparation, which not 
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only inactivates the protease but also denatures 
substantially all of the bacterial DNA other than 
supercoiled and relaxed closed plasmid DNA into single 
stranded form. Other inactivators may be used (e.g. , 
metal chelators, phenylmethylsulf onyl fluoride, 
iodoacetate or a change in pH (increasing or decreasing 
from optimum as appropriate for the enzyme used) or 
buffer conditions) , however if heat inactivation is 
ineffective for a given protease, provided that these 
inactivators do not interfere with subsequent enzymatic 
steps (e.g., nuclease activity) or can be removed. In 
addition, chemical means for denaturing non-circular 
DNA may be employed, including the enzyme helicase, 
exposure to alkali (pH 13-14), acid (pH 1-4), urea, 
dimethylsulf oxide or dimethylf ormamide or other 
denaturing conditions . 

Upon cooling the solution, the chromosomal DNA is 
likely to remain in single stranded form as a result of 
the low incidence of highly repetitive sequences in 
bacterial, e.g. E. coli , genomes. Thus, the 
chromosomal DNA, along with the RNA, is susceptible to 
enzymatic digestion by a variety of nucleases, 
including single stranded exo- and endonucleases and 
double stranded exonucleases . Suitable nuclease 
enzymes for this purpose include Mung Bean Nuclease, SI 
Nuclease (US Biochemical Corp., "USB"), PI Nuclease 
(Bethesda Research Labs, " BRL" ) , T7 exonuclease (USB) , 
Bal 31 Nuclease (USB) , Exonuclease I (USB) , Exonuclease 
III (USB) , Exonuclease VII (BRL) and Lambda Exonuclease 
(BRL) . RNA from the microorganism is digested either 
before or concurrently with the DNA, depending on the 
conditions needed for enzymatic activity, using an 
RNase enzyme such as pancreatic ribonuclease (USB) or 
Ribonuclease Tj (Pharmacia) . 

In selecting a nuclease for use in the present 
method, it is important to remember that some nuclease 
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enzymes, notably SI nuclease and Bal 31 nuclease digest 
supercoiled plasmid DNA as well as single stranded DMA. 
For example, Bal 31 nuclease degrades single stranded 
DNA endonucleolytically and it hydrolyzes both strands 
5 at the end of double stranded DNA. Bal 31 nuclease 
will completely hydrolyze supercoiled plasmid DNA due 
to the fact that supercoiled plasmid exists transiently 
in single stranded form, which is a substrate for Bal 
31. Legerski et al. , J. Biol. Chem 252, 8740 (1977). 

10 To avoid unwanted digestion of plasmid DNA, enzymes of 
this type should be used after treatment with an enzyme 
such as topoisomerase I (BRL) which relaxes supercoiled 
plasmid DNA. Other enzymes which would achieve this 
same result would be a combination of DNase I 

15 (nickase) , DNA ligase and ATP/NAD; or T4 DNA ligase and 
AMP. Both of these combinations would nick supercoiled 
DNA to yield a nicked, relaxed plasmid, and then repair 
the nick via the ligase. Relaxation of supercoiled DNA 
can also be achieved non-enzymatically with 

20 intercalating agents such as ethidium bromide. 

On the other hand, T7 exonuclease degrades the 5' 
end strand of double stranded DNA attacking only 
chromosomal DNA which exists as linear double strands. 
Ausubel et al . , eds, Current Protocols in Molecular 

25 Biology, p. 3.12.1. T7 exonuclease will not degrade 
either supercoiled or relaxed plasmid. In fact, the 
resistance of plasmids to degradation serves as a 
quality control test for T7 exonuclease purity used by 
the manufacturer (USB) . 

30 other options for selective removal of chromosomal 

DNA include the use of DNA polymerase enzymes, which 
under certain conditions (absence of dNTP's and excess 
pyrophosphate, i.e., about lOOmM) catalyze the reverse 
polymerization of double stranded nucleic acids. This 

3 5 activity requires a free 3 '-OH group and thus is 

specific for linear (non-plasmid) DNA. These enzymes 
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also have exonuclease activity for either double or 
single stranded DNA. Kornberg, DNA Replication . W.H. 
Freeman & Co., pp 127-130 (1980). Suitable enzymes 
include Klenow fragment, T7 DNA polymerase (USB) , Taq 
5 polymerase and T4 DNA polymerase. 

Additional enzymes might be used in conjunction 
with a reverse polymerization system to enhance the 
rate of degradation. These enzymes include T4 
polynucleotidekinase to remove the 3 '-terminal 

10 phosphate and to yield a 3 '-OH group, enzymes selected 
to degrade the dNTP product, such as hexokinase and 
nucleoside diphosphate kinase together with appropriate 
reagents (ADP and glucose) . 

Terminal deoxynucleotidyl transferase (TdT) could 

15 also be theoretically used to achieve selective 

degradation of single stranded chromosomal DNA in the 
presence of pyrophosphate. Like DNA polymerases, this 
enzyme requires a free 3' -OH group, but it acts on 
single stranded as opposed to double stranded nucleic 

20 acids. The dNTP ' s released could be further hydrolyzed 
with the aid of the same enzyme systems discussed 
above. This system is not a preferred means for 
selective single stranded DNA removal, however, as the 
reaction rate is very slow. 

25 Restriction enzymes are potentially useful in the 

present invention provided the plasmid to be isolated 
does not have the restriction site for which the enzyme 
is specific. A simple test can be used to assess the 
presence or absence of a given restriction site in a 

3 0 plasmid by exposing the plasmid preparation to the 
restriction enzyme prior to heat treatment and 
digestion of chromosomal DNA and running a gel to see 
if plasmid DNA remains. If plasmid DNA is observed, 
the restriction site is not present in the plasmid. If 

35 restriction enzymes are used it is appropriate to 

maintain chromosomal DNA in a double stranded state 
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until restriction digestion has occurred. This may 
require lowering the temperature used to denature the 
protease. 

If the product desired is single stranded circular 
5 DNA, nucleases with single-strand endonuclease activity 
cannot be used as these enzymes will degrade the 
desired product- Thus, in this case, a combination of 
nucleases is selected from among single-strand 
exonucleases and double-strand exonucleases . Double- 
10 strand endonucleases can also be employed provided that 
the circular DNA does not self anneal to produce double 
stranded regions or if conditions (temperature/ buffer) 
are maintained to prevent formation of double stranded 
regions . 

15 The final step in the nucleic acid preparation of 

the present invention is the recovery of plasmid DNA 
from the solution. This can be accomplished by 
ultrafiltration, precipitation, binding to a particle 
or surface which binds nucleic acids such as 

2 0 hydroxy apatite, glass milk or DEAE beads, 

centrifugation or isobutanol extraction. A preferred 
method is the use of an ultrafiltration device which 
works by permeation through a molecular weight 
selective membrane filter. 
25 The method of the invention will now be 

illustrated by way of the following, non-limiting 
examples . 

Example 1 

A 1.5 ml E. coli culture containing the cloning 

3 0 vector pUC118 was grown overnight to saturation. The 

E. coli were pelleted and resuspended in 3 00 fj.1 of 
100 mM Tris-Cl ( tris (hydroxymethyl) aminomethane 
hydrochloride), 2.5 mM MgCl 2 , 0.5% Triton X-100, pH 8.0. 
Lysozyme solution, 30 /il at 10 iiq/y.1, was added and 
3 5 incubated at 37 °C for 3 0 minutes. The lysozyme alone 
did not create microscopically visible ruptures in the 
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E. coli cells. The EL. coli were heated at 95 °C for 5 
minutes, and then cooled to 4 0°C. 

Proteinase K solution, 10 /il at 10 Mg//xl, was 
added and the coli were incubated at 50°C for 30 
minutes. This enzymatic step resulted in the complete 
clearing of the solution. Microscopic examination 
confirmed that no E. coli or fragments were present. 
Apparently, the lysozyme and heating step had 
introduced holes in the bacteria allowing the protease 
to enter and dissolve the cells completely. This lysed 
solution was again heated at 95 °C for 5 minutes, then 
cooled to 25 °C, to inactivate the proteinase K . 

The contents of the tube were precipitated by 
adding 35 jul of 3.0 M NaOAc (pH 5.2) + 800 /il ethanol, 
pelleted at 12,000g for 5 minutes, and resuspended in 
50 /il of TE buffer with ribonuclease (10 mM Tris-Cl, 1 
mM EDTA, 20 nq/ml pancreatic ribonuclease, pH 8.0). 
The preparation at this point was analyzed by gel 
electrophoresis (0.6% agarose in 40mM TrisOAc, 2 mM 
EDTA, pH 8.3). Following ethidium bromide staining, 
evaluation of the gel indicated that the lysate 
consisted largely of fragmented chromosomal DNA, 
fragmented RNA, and intact plasmid DNA. 

To the ribonuclease treated lysate were added 5 jxl 
MgCl 2 (100 mM) + 10 Ml KC1 (200 mM) + 0.8 Ml DTT (100 
mM) + 10 units Topoisomerase I (USB) + 80 units T7 
Exonuclease (USB) . This mixture was incubated for 2 
hours at 37°C. Agarose gel electrophoresis of the 
mixture following incubation showed some degradation of 
the chromosomal DNA. The RNA smear at the bottom of 
the gel had been removed. Apparently, T7 exonuclease 
has RNase activity. 

To further improve DNA digestion, 4 /il CaCl 2 (100 
mM) + 8 /il NaCl (3.0 M) +2.5 units Bal 31 nuclease 
(USB) were added to the lysate. This mixture was 
incubated at 3 0°C for 2 hours. A further improvement 
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in the purification of the plasmid DNA is observed upon 
gel electrophoresis of the product, but some additional 
purification was deemed appropriate. 

The remaining chromosomal DNA mandates additional 
5 steps to purify the plasmid DNA. To the solution was 
added 1 Ml dithiothreitol (DTT) + 8 units Exonuclease 
III (USB) , an enzyme that specifically degrades the 
ends of double stranded DNA but not plasmid DNA. This 
mixture was incubated at 37 °C for 30 minutes or 60 

10 minutes and the products were again evaluated by gel 
electrophoresis. In each case, a much cleaner 
preparation of plasmid DNA was obtained. In fact, the 
two migrating forms of pUCH8 plasmid DNA (3.2 kb) 
could be readily visualized: supercoiled plasmid 

15 migrates fast at 2 kb (escaped topo isomer ase I 

conversion) and relaxed, circular (or nicked) plasmid 
migrates at 3.2 kb. Some remaining DNA was observed, 
which is probably single stranded DNA, which is 
resistant to Exonuclease III due to the enzyme's 

2 0 requirement for a double stranded substrate. 

At this stage in the experiment, the DNA was 
precipitated from the sample using 3.0 M NaOAc and 
ethanol and stored overnight at -20 °C. The DNA was 
collected by centrifugation at 15,000 g for 5 minutes, 
25 washed with 0.5 ml 70% ethanol and dissolved in 40 /xl 

Exonuclease I buffer (67 mM glycine, 6.7 mM MgCl 2 , 10 mM 
mercaptoethanol, pH 9.5). Exonuclease I (USB) , 25 
units, was added and incubated at 3 7°C for 10 min, 3 0 
min, and 2 hours. Exonuclease I incubation resulted in 

3 0 only a slight improvement in the purity of plasmid DNA, 

although more improvement might be achieved if more 
enzyme were used. No degradation of either the 
supercoiled or relaxed plasmid DNA is observed 
(compared to pre-exonuclease I control) due to the 
35 specificity of Exonuclease I for the ends of 
single-stranded DNA. 
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The solution was next heated at 95 °C for 5 minutes 
and cooled to 2 5 °C. The DNA was precipitated using 3.0 
M NaOAc and ethanol and redissolved in 21 /il of 30 mM 
NaOAc, 200 inM NaCl, 1 mM ZnCl 2 , pH 4.6. 236 units of SI 
5 nuclease (USB) were then added and the mixture was 
incubated at 37 °C for 1 min, 10 min, 3 0 min, and 2 
hours. The result was a dramatic purification of the 
plasmid DNA, although some loss of even the plasmid DNA 
was observed if incubation times of 3 0 minutes or 

10 longer were used. The only band on the gel remaining 
was relaxed, circular plasmid DNA. This conclusion is 
supported by the following reasoning: Prior to Si 
incubation, the sample was heat denatured at 95°. If 
the plasmid was either nicked or linearized, the heat 

15 would have converted it to single stranded DNA, which 
would be degraded by SI nuclease. 

Example 2 

E. coli containing the plasmid pUC118 was grown by 
inoculating 500 ^1 of TYGPN both (2.0 g tryptone, 1.0 g 

20 yeast extract, 800 /il glycerol 0.5 g sodium phosphate 
and 1.0 g potassium nitrate in 100 ml of deionized 
water, pH 7.0.) containing 50 nq/ml ampicillin. The 
E. coli was incubated in a sealed 0 . 5 ml Eppendorf tube 
at 37 °C without agitation or aeration for 10 hours. 

2 5 The cell density before harvesting was about 1.6 X 10 9 
cells/ml. The cells were harvested by centrif ugation 
at 12,000g (1 min, 4°C) and resuspended in 300 /il of 
100 mM Tris-Cl, 2 . 5 mM MgCl 2 , 0.5% TRITON X-100, pH 8.0. 
30 /il of lysozyme (10 mg/ml) was added to the 

30 resuspended cells and the mixture was incubated at 37 °C 
for 3 0 minutes. The mixture was then heated to 95 °C 
for 5 minutes and then cooled to 50 °C. 

7.5 /il CaCl 2 solution (100 mM) and 10 /il proteinase 
K solution (lOmg/ml) was added to the cooled mixture 

35 and incubated for 60 minutes at 50°C. The mixture was 
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then heated to 95 °C again for 5 minutes and cooled 
to 25° . 

Total DNA was precipitated by addition of 3 . 0 M 
NaOAc (pH 5.2) +8 00 /il ethanol and incubating at -2 0°C 
5 for 30 minutes. The precipitated DNA was recovered by 
centrifugation (12,000g) for 5 minutes at 4°C. The 
pellet was recovered, washed with 7 0% ethanol and dried 
at room temperature. 

The pellet was then redissolved in 50 ^1 of 50 mM 

10 Tris-Cl, 50 mM KCl, 10 mM MgCl 2/ 0 . 1 mM EDTA, 1. 0 mM 
DTT, 20 Mg/ml RNase (USB) , pH 7 . 5 . 30 units of 
Topoisomerase I (BRL) were then added and the mixture 
was incubated at 37 °C for six hours to degrade RNA and 
relax supercoiled plasmid DNA. At the end of the 

15 incubation time, the mixture was heated to 95 °C for 

5 minutes to inactivate the enzymes, and then cooled to 
25°C. 

Total DNA was again recovered by precipitation 
using 4.5 /il of 3.0 M NaOAc (pH 5.2) and 110 /xl of 

20 ethanol. After 3 0 minutes of incubation time at -2 0°C, 
the precipitated DNA was collected by centrifugation 
(12000 g, 5 min. 4°C), washed with 70 % ethanol and 
dried at room temperature. The resulting material, 
containing both plasmid and chromosomal DNA was 

25 dissolved in 40 fil of 30 mM NaOAc, 200 mM NaCl, 1 mM 
ZnCl 2 , pH 4.6. 118 units of SI nuclease (USB) were 
added and the mixture was incubated at 37 °C for 60 
minutes. The resulting solution was analyzed by 
agarose gel electrophoresis in 4 0 mM TrisOAc, 1 mM 

3 0 EDTA, pH 8.3 buffer. The gels showed plasmid DNA of 
approximately 95% purity. 

In the foregoing experiment, precipitation/centri- 
fugation was used to recover DNA at the end of two 
intermediate enzymatic digestion steps to allow for 

3 5 buffer exchange. It will be understood, however, that 
the use of this particular technique is not essential 
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to practicing the invention. Thus, ultrafiltration, 
performed intermittently or continuously, could be used 
in place of the precipitation/centrif ugation steps, 
thus yielding a method free of centrif ugation steps 
5 after the initial harvesting of the cells. 

Example 3 

The experiment of example 2 was repeated except 
that T4 DNA ligase and AMP was used in place of 
topoisomerase to relax the plasmid DNA. The DNA pellet 

10 was dissolved in 50 /il of 50mM Tris-Cl, 10 mM MgCl 2 , ImM 
DTE (dithioerythritol) , 20 jig/ml RNase (USB), pH 7.6. 
To this 5 units of T4 DNA ligase (BRL) and 2.5 /il of 50 
mM AMP were added. The mixture was incubated at 3 7 °C 
for 6 hours and then heated to 95 °C for 5 minutes 

15 before cooling to 25 °C Comparable purification to 
Example 2 was achieved. 

Example 4 

M13 DNA was prepared from a culture of E. coli 
transformed with M13mpl9 replicative form DNA that had 
2 0 been grown in LB broth overnight with agitation. The 
culture had achieved saturation density. 

400 /il of the culture were placed in an 0.5 ml 
Eppendorf tube. 30 /il of lysozyme solution (10 mg/ml) 
was added, and the mixture was incubated at 37°C for 30 

2 5 minutes. After the incubation, the mixture was heated 

to 95°C for 5 minutes and then cooled to 50°C. 

10 /il of Proteinase K solution (10 mg/ml) and 
10 /il of 100 mM CaCl 2 were then added and the mixture 
was incubated at 50 °C for 60 minutes, after which it 

3 0 was heated to 95 °C for 5 minutes and cooled to 25 °C. 

The nucleic acids in the sample were precipitated by 
adding 50 /il of 3.0 M NaOac (pH 5.2) and 1 ml of 
ethanol and incubating at -20°C for 45 minutes. The 
precipitated nucleic acids were collected by 
35 centrifugation (12000g, 5 minutes, 4°C), washed with 
7 0% ethanol and dried at room temperature. 
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The dried nucleic acids were dissolved in 75 /xl of 
50 mM Tris-Cl (pH 8.0), 10 raM MgCl 2 , 50 mM NaCl. 20 
units of Mbo I (BRL) , a restriction enzyme, were added. 
Following incubation at 37°C for 60 minutes, the 
5 mixture was heated to 95 °C for 5 minutes and then 

cooled to 37 °C. 20 units of T4 polynucleotide kinase 
(BRL), 2.5 nq RNase and 5 nl of 100 mM DTT were then 
added and the mixture was incubated at 37 °C for 60 
minutes . 

10 as evaluated by agarose gel electrophoresis, this 

procedure resulted in a significant purification of the 
single-stranded M13 DNA migrating at about 5000 bp on 
the gels. Two other bands were visible on the gel, 
migrating at about 4000 and 6000 bp, which are either 

15 alternate sized intracellular forms of the closed 

circular single-stranded DNA or the double stranded Ml 3 
supercoiled and relaxed plasmid DNA. A small amount of 
single-stranded chromosomal DNA was also observed. 
This can probably be removed by the addition of a 

20 single-stranded exonuclease, such as DNA polymerase, to 
the enzyme mixture. 

Example 5 

A simple modification of the protocols discussed 
above makes it possible to use the present invention to 

25 isolate RNA from a sample. In this case, RNases are 

omitted and a mixture of DNases is used to degrade all 
DNA. Selective membrane filtration of the sample 
using a 25,000 dalton cut-off membrane isolates total 
RNA including messenger RNA, transfer RNA and 

3 0 ribosomal RNA. 

Example 6 

The method of the invention can be used to isolate 
viral particles. Lytic viruses produce viral particles 
within a host cell which are protected by viral coat 
35 proteins. Host DNA, on the other hand is exposed to 
the surrounding environment upon lysis of the cell. 
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Viral DNA/RNA can therefore be recovered, separate from 
host DNA, by the steps of enzymatic lysis of the cell 
walls or membranes, addition of nucleases to the lysed 
cells to degrade host nucleic acids, addition of 
nuclease inhibitors, proteases or heat to inactivate 
the nucleases and then treatment with a proteolytic 
enzyme to destroy the nucleases and remove the viral 
coat protein. 

The method of the present invention lends itself 
readily to automation because it can be performed 
without resort to centrif ugation, phenol extraction, 
ethanol precipitation or gel electrophoresis. Fig- 1 
shows a schematic of a basic instrument for 
accomplishing this purpose. 

As shown in Fig. 1, sample containers 2 are held 
in a temperature control block 1 and supplied with 
reagents via an automated pipettor 4 controlled by a 
computer 5. The temperature of the block can be 
controlled by introducing a circulating liquid (e.g. 
water) via line 9 to flow through the block and exit 
via line 10. Liquid flow can be controlled via value 7 
whose operation is controlled to maintain the sample in 
the holders 2 at the necessary temperatures. Feedstock 
supplies 6 may conveniently be included within the 
apparatus housing 3, as may a pump 8 to provide PEG or 
vacuum to the sample holder as discussed further below. 
The sample containers may advantageously be microtiter 
plates having a plurality of wells, the bottom of each 
of which is in contact through a filtration membrane 
with a circulating solution of polyethylene glycol 
(PEG) or a vacuum. (See Fig. 2) The osmotic pressure 
created by the PEG or the pressure differential caused 
by the vacuum draws molecules of molecular weight below 
the cut-off of the membrane out of the sample solution, 
thus allowing continuous removal of low molecular 
weight products of proteolytic or nucleolytic digestion 
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and facilitating buffer exchanges when needed 
throughout the process. 

Fig. 2 shows schematically a microtiter plate 21 
adapted for use in the present invention. Each well 22 
of the plate 21 is in contact through an 
ultrafiltration membrane 24 with a stream of PEG 
flowing through tube 23. PEG is supplied from vessel 
25 into tube 23 and flows through the microtiter plate 

21 propelled by pump 8, for example a peristaltic pump. 
Fig. 3 shows a cross section of a sample well in 

the microtiter plate 21 and the adjoining tube 23. PEG 
solution 31 circulating within tube 23 past 
ultrafiltration membrane 24 osmotically draws water and 
materials of molecular weight below the filter's cut- 
15 off out of the sample well 22. The height of the 

impermeable wall 34 defines the final volume of the 
sample if buffer is not continuously added. 

Fig. 4 shows an alternative sample well 
arrangement in which vacuum rather than osmotic 
20 pressure is employed. In this case, each sample well 

22 has an ultrafiltration membrane 24 at the bottom of 
the well. Vacuum is supplied as needed to the bottom 
side of the membrane to draw water and low molecular 
weight solutes out of the well while leaving high 

25 molecular weight closed circular DNA behind. 
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1 l. A method for purifying circular DNA from cells or 

2 subcellular organelles of a host organism 

3 containing circular DNA comprising the steps of: 

4 (a) lysing the cells or organelles to release 

5 circular DNA; 

6 (b) enzymatically treating the preparation 

7 containing released circular DNA with a protease 

8 enzyme ; 

9 (c) heating the protease-treated preparation 

10 to denature substantially all non-circular DNA to 

11 single stranded form; 

12 (d) treating the heat treated preparation 

13 with nuclease enzymes effective to selectively 

14 digest RNA and chromosomal DNA while leaving 

15 closed circular DNA intact; and 

16 (e) recovering closed circular DNA. 

1 2. A method according to claim 1, wherein the host 

2 organism is E. coli and the protease enzyme is 

3 Proteinase K. 

1 3. A method according to claim 1, wherein the 

2 circular DNA is single stranded and wherein the 

3 nuclease enzymes are selected from among nucleases 

4 substantially free from single-stranded 

5 endonuclease activity. 

1 4. A method according to claim l, wherein the 

2 circular DNA is double stranded, further 

3 comprising the step of treating the preparation to 

4 relax supercoiled plasmid DNA prior to treatment 

5 with the nuclease enzymes. 



BNSDOCID: <WO 921 3963A1 _l_> 



WO 92/13963 Q £ PCT/LS92/00540 

-18- 

1 5. A method according to claim 4, wherein the 

2 preparation is treated with topoisomerase to relax 

3 supercoiled DNA. 

1 6. A method according to claim 4, wherein the 

2 nuclease enzymes are selected from the group 

3 consisting of Mung Bean Nuclease, SI Nuclease, Pi 

4 Nuclease, T7 exonuclease, Bal 31 Nuclease, 

5 Exonuclease I, Exonuclease III, Exonuclease VII 

6 and Lambda Exonuclease. 

1 7. A method according to claim 1, wherein the 

2 nuclease enzymes are selected from the group 

3 consisting of Mung Bean Nuclease, SI Nuclease, PI 

4 Nuclease, T7 exonuclease, Bal 31 Nuclease, 

5 Exonucleases I, Exonuclease III, Exonuclease VII 

6 and Lambda Exonuclease. 

1 8. A method according to claim 7, wherein the host 

2 organism is E. coli and the protease enzyme is 

3 Proteinase K. 

1 9. A method of purifying viral particles from 

2 infected host cells comprising the steps of 

3 (a) lysing the host cells to release viral 

4 particles and host nucleic acids from the cells; 

5 (b) adding nucleases to the lysed cells to 

6 degrade host nucleic acids; 

7 (c) adding nuclease inhibitors or 

8 inactivators to the nuclease-treated lysed cells; 

9 (d) treating the preparation with a 

10 proteolytic enzyme to destroy the nucleases and 

11 remove coat protein from the viral particles; and 

12 (e) recovery to uncoated viral particles. 



BNSDOCID <WO 9213963A1J_> 



WO 92/13963 



-19- 



PCI7US92/00540 



1 10. A method for separating and recovering closed 

2 circular DNA from a composition containing closed 

3 circular DNA and linear DNA comprising the steps 

4 of 

5 (a) treating the composition to denature 

6 substantially all of the linear DNA to single- 

7 stranded form; 

8 (b) treating the denatured composition with 

9 nuclease enzymes effective to selectively digest 

10 linear DNA while leaving closed circular DNA 

11 intact; and 

12 (c) recovering the closed circular DNA. 

1 11. A method according to claim 10, wherein the 

2 circular DNA is single-stranded and wherein the 

3 nuclease enzymes are selected from among nucleases 

4 substantially free from single-stranded 

5 endonuclease activity. 

1 12. A method according to claim 10, wherein the 

2 circular DNA is double-stranded, further 

3 comprising the step of treating the composition to 

4 relax supercoiled plasmid DNA prior to treatment 

5 with the nuclease enzymes . 

1 13. A method according to claim 12, wherein the 

2 composition is treated with topoisomerase to relax 

3 supercoiled DNA. 

1 14. A method according to claim 12, wherein the 

2 nuclease enzymes are selected from the group 

3 consisting of Mung Bean Nuclease, SI Nuclease, PI 

4 Nuclease, T7 exonuclease, Bal 31 Nuclease, 

5 Exonuclease I, Exonuclease III, Exonuclease VII 

6 and Lambda Exonuclease. 
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1 15. A method according to claim, 10, wherein the 

2 nuclease enzymes are selected from the group 

3 consisting of Mung Bean Nuclease, SI Nuclease, PI 

4 Nuclease, T7 exonuclease, Bal 31 Nuclease, 

5 Exonuclease I, Exonuclease III, Exonuclease VII 

6 and Lambda Exonuclease. 

1 16. A method according to claim 10, further comprising 

2 the step of treating the composition with a 

3 restriction endonuclease prior to the denaturation 

4 step, wherein the restriction endonuclease is 

5 selected such that the circular DNA to be 

6 separated and recovered is not cleaved by the 

7 restriction endonuclease. 

1 17. An apparatus for separation and recovery of closed 

2 circular DNA, comprising 

3 (a) a sample holder having a plurality of 

4 sample wells, each of said wells having an 

5 ultrafiltration membrane disposed in a lower 

6 portion thereof through which liquid can be 

7 removed from the well; 

8 (b) means for controlling the temperature of 

9 the sample holder and of material within the 
10 wells; 

xl ( C ) means for drawing liquid through the 

12 ultrafiltration membranes at the bottom of each 

13 well; and 

14 (d) means for adding reagents to each of 

15 said sample wells. 

1 18. An apparatus according to claim 17, wherein the 

2 means for drawing liquid through the 

3 ultrafiltration membranes is a vacuum pump. 
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1 19. An apparatus according to claim 17, wherein the 



2 means for drawing liquid through the 

3 ultrafiltration membranes is a manifold containing 
v 4a circulating fluid which causes water to pass 

5 through the ultrafiltration membrane as a result 

6 of osmotic pressure. 
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A method of sequencing nucleic acids. 



The present invention relates to an improved Method of sequencing 
nucleic acids, and particularly but not exclusively to an improved 
method of sequencing DNA. 

The technique of nucleotide sequence analysis is of central 
importance in molecular biology and biotechnology. Contemporary 
methods of sequencing are mostly based on the high resolving power 
of polyacrylamide-gel electrophoresis. By this technique two 
oligonucleotides which differ in size by only a single nucleotide 
residue can be resolved by virtue of their differing relative 
interactions with the gel matrix. Alternative resolving methods are 
currently being investigated, for example column based systems such 
as high pressure liquid chromatography (HPLC). 

In order to determine the sequence of nucleotides in a nucleic acid 
such as DNA a series of fragments are produced with one end in 
common and the other varying in position along the chain. A 
minimum of four types of series of fragments is produced, each group 
being terminated by or cleaved at one of the four possible bases by 
specific chemical or enzymic means. 

There are two well known ways in which DNA fragments ending in or 
cleaved at each of the four bases are produced for sequence 
analysis. In the method described by Maxam and Gilbert (reference 1 
and 2) single- or double-stranded DNA molecules are labelled with 
radioactive phosphate at a unique 5 f or 3 f terminus and the 

nucleotide chains are chemically modified at specific bases and then 
cleaved by alkaline or piperidine hydrolysis. The chain termination 
method of Sanger et al (reference 3 to 6) involves enzymic copying 
of single-stranded DNA fragments using a DNA polymerase to 
transcribe specific regions of the chain under controlled 
conditions. 
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In both the above described methods it is necessary to extract and 
purify the nucleic acids prior to initiating sequencing reactions. 
Conventionally RNA and DNA from tissues, cells, plasmids and viruses 
are extracted and purified by lysis or digestion of the protein coat 
(e.g. with a protease - such as proteinase K - which is able to 
digest the protein coat without degrading the nucleic acids) 
followed by extraction with solvent, such as phenol-chloroform, and 
precipitation with e.g. ethanol. Separation of nucleic acids from 
suspension in solvents is achieved by repeated centrif ugation. 

The phenol-chloroform reagent is a toxic corrosive liquid which is 
unpleasant to handle. After extraction with phenol-chloroform it is 
necessary to separate the aqueous from the organic phase. 
Centrifugation steps in the extraction/purification procedures are 
time consuming and tedious when carried out manually, and are 
difficult to automate satisfactorily. 

The present invention provides an improved method of sequencing 
nucleic acids, such as DNA, which eliminates centrifugation steps 
during pre-sequencing purification, reduces manipulation of 
extracted products and is suitable for automation. 

According to the invention, the improvement resides in a 
purification step which comprises the pressure activated separation 
of DNA or RNA from a digest suspension by ultrafiltration using a 
filter membrane which retains the nucleic acids and presents them in 
a state ready for immediate commencement of sequence determination 
in situ on the membrane. 

The filter membrane may (a) retain nucleic acids by size exclusion 
and/or may (b) adsorb nucleic acids by surface binding. Examples of 
filter ■embranes of type (a) are anisotropic low adsorptive 
ultrafiltration membranes such as the type-YM membranes marketed by 
Amicon Corporation (US Patent No. 3488768). Examples of filter 
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membranes of type (b) are nitrocellulose membranes, NA45(TM), 
DE81(TM), Genescreen (TM), Hybond (TW) and the like; filter 
membranes having non-specific binding sites may be partially blocked 
with Bovine Serum Albumin (BSA) or other inert material. 

An advantage of using nltraf iltrat ion for separation and 
purification of nucleic acids is that the material collected on the 
membrane can be further treated in situ. For example, chemical or 
enzymic reagents can be applied to the membrane surface after 
filtration in order to prepare the trapped nucleic acids for 
sequencing. 

The method of the invention can be used in an improved enzymic 
sequencing process including the following steps :- 

1] A vector carrying a DNA insert to be sequenced is cultured in a 
hos t , 

2] vector particles containing the DNA inserts are separated from 
the host by filtration, 

3] a protease is applied which will digest the protein coat of the 
vector without degrading the DNA, 

4] the DNA is purified and concentrated by pressure activated 
ultrafiltration through a membrane which retains the DNA, 

5] primer is added and annealed to the extracted DNA on the 
membrane , 

6] a polymerisation enzyme together with a suitable nucleotide 
mixture is applied to the DNA on the membrane, the enzyme being one 
which is capable of catalysing the faithful incorporation of 
nucleotides onto a primed template, 
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7] chase nucleotides are added if necessary in order to complete 
the polymerisation reaction, 

8] the reaction is terminated and the newly synthesized DNA is 
disassociated from the template, and 

9] a sample of DNA is loaded onto a polyacrylamide gel for 
electrophoresis, or onto an alternative separation system. 

In the above described method any host/vector system can be used in 
which vector DNA is released from the host cell, generally in the 
form of a protein coated particle. The DNA could be single or 
double stranded; if the DNA is double stranded a denaturation step 
must be included before annealing in order to separate the strands. 
The chosen vector must have been manipulated so as to carry both the 
DNA fragment to be sequenced and the appropriate primer 
hybridisation site. A particularly suitable host is the bacterium 
E.Coli, and suitable vectors are bacteriophage M13, plasmid pEMBL 
and Fl derived vectors. 

Examples of suitable protease are chymotryps in , elastase, subtilisin 
and thermolysin. Residual protease activity can be terminated after 
the reaction has proceeded to completion by use of an ethanol wash 
or a protease inhibitor. Alternatively, the protease may have 
autolytic activity and hence be self-terminating. The catalysis 
enzyme is preferably a DNA polymerase such as a Klenow fragment of 
DNA polymerase I or reverse transcriptase. The enzyme must not have 
exonuclease activity which would digest the primer; if present, 
exonuclease activity can be blocked by the addition of a blocking 
group at the 5 f end of the molecule. 

If the above described method were adapted for sequencing with 
ribonucleotides, then ribonucleotides would be used instead of 
deoxyribonucleotides in the polymerisation step. In such a case an 
appropriate RNA polymerase would be used, possibly without the need 
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for a primer. Alternatively, if a suitable vector for RNA were 
developed, PNA could be used as the template. 

One embodiment of the invention will now be described in detail, by 
way of example only. The Example illustrates an improved method of 
DNA sequencing using the chain termination method described by 
Sanger. 

EXAMPLE 

The method comprises the following steps : 

1) Bacteriophage M13 with a DNA insert is cultured overnight in 
E.Coli in suitable culture medium. 

2) The bacteria are separated from the phage by filtration with a 
0.22 micron membrane, such as hydrophilic Durapore (Millipore). The 
bacteria remain on the filter and the DNA-carrying phage pass 
through the membrane into a collection vessel. 

3) The phage are incubated with a protease, such as chymotrypsin , 
in order to digest the protein coat. 

4) The DNA from the phage is separated from the digested protein 
by pressure activated ultrafiltration through a membrane which 
retains the DNA but not the digested protein. A preferred size- 
exclusion membrane is YM10 (Amicon) which retains globular molecules 
of size greater than 10 kDaltons. Alternatively, an adsorptive 
membrane such as nitrocellulose may be used. Non-specific binding 
of reagents to the filter can be prevented by the addition of 1 X 
bovine serum albumin. 

5) The primer is added as a droplet or a spray to the DNA on the 
filter membrane and is annealed for 20 minutes at 55 to 65°C to 
allow specific hybridisation. 
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6) Premixed nucleotides and DNA polymerase I Klenow fragment are 
added as a droplet or a spray to the filter membrane and are 
incubated at 20°C for 15 minutes. The nucleotides are incorporated 
onto the primed template to synthesize DNA by chain extension. The 
nucleotides may include labelled nucleotides and chain terminating 
nucleotides. 

7) Chase nucleotides are added if necessary. 

8) A formamide droplet or spray is placed on the membrane and 
heated at 90°C for 5 minutes in order to terminate reaction and 
caused disassociation of newly synthesized DNA from the template. 

9) A DNA sample is loaded onto a conventional polyacrylamide gelj 

10) The DNA fragments are separated by electrophoresis. 

REFERENCES 

1. ' Maxam, A.M. and Gilbert, W (1977), Proc.Natl. Acad.Sci., USA., 

74, 560-564. 

2. Maxam, A.M. and Gilbert, V (1980), in Methods in Enzymology, 
(ed Wil, R), 68, p. 499, Academic Press, London and New York. 

3. Sanger, F. and Coulson, A.R. (1978), FEBS lett.,87, 107-110. 

4. Sanger, F. and Coulson, A.R. (1975), J.Mol.Biol. , 94 , 441-448. 

5. Sanger, F. , Nicklen, S. and Coulson, A.R. (1977), 
Proc.Natl. Acad.Sci. , USA, 74, 5463-5467. 
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J.Mol.Biol. ,108, 519-533. 
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CLAIMS : 

1. An improved method of sequencing nucleic acids wherein the 
improvement resides in a purification step which comprises the 
pressure activated separation of DNA or RNA from a digest suspension 
by ultrafiltration using a filter membrane which retains the nucleic 
acids and presents them in a state ready for immediate commencement 
of sequence determination in situ on the membrane. 

2. An improved enzymic sequencing process for DNA which includes 
the following steps : 

i] a vector carrying a DNA insert to be sequenced is cultured in a 
host, 

ii] vector particles containing the DNA inserts are separated from 
the host by filtration, 

iii] a protease is applied which will digest the protein coat of the 
vector without degrading the DNA, 

iv] the DNA is purified and concentrated by pressure activated 
ultrafiltration through a membrane which retains the DNA, 

v] primer is added and annealed to the extracted DNA on the 
membrane , 

vi] a polymerisation enzyme together with a suitable nucleotide 
mixture is applied to the DNA on the membrane, the enzyme being one 
which is capable of catalysing the faithful incorporation of 
nucleotides onto a primed template, 

vii] chase nucleotides are added if necessary in order to complete 
the polymerisation reaction, 
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viii] the reaction is terminated and the newly synthesized DNA is 
disassociated from the template, and 



electrophoresis, or onto an alternative separation system. 

3. An improved method of DNA sequencing using the chain 
termination method of Sanger, which includes the following steps : 

a) Bacterophage M13 with a DNA insert is cultured in E.Coli in 
suitable culture medium, 

b) the bacteria are separated from the phage by filtration with a 
hydrophilic membrane, 

c) the phage are incubated with chymotrypsin protease, 

d) the DNA from the phage is purified and concentrated by pressure 
activated ultrafiltration through a membrane which retains the DNA 
(e.g. a size-exclusion membrane which retains globular molecules of 
size greater than 10 kDaltons or an adsorptive membrane such as 
nitrocellulose ) , 

e) primer is added as a droplet or a spray to the DNA on the 
filter membrane and is annealed for 20 minutes at 55 to 65°C, 

f) premixed nucleotides and DNA polymerase I Klenow fragment are 
added as a droplet or a spray to the filter membrane and are 
incubated at 20°C for 15 minutes, 

g) chase nucleotides are added if necessary, 

h) a formamide droplet or spray is placed on the membrane and 
heated at 90°C for 5 minutes, 



ix] 



a sample of DNA is loaded onto a polyacrylamide gel for 
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i) a DNA sample is loaded onto a polyacry lamide gel, and 

j) DNA fragments are separated by electrophoresis. 

4. An improved method of sequencing, substantially as hereinbefore 
described . 
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AMENDED CLAIMS 
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1 . A irethod for the sequencing of nucleic acid comprising 
recovering, from a host/vector system, vector particles 
containing a nucleic acid insert to be sequenced, treating the 
vector particles with a protease to digest proteinaceous 
contaminants, rernoving digestion products by ultrafiltraticn 
through a membrane which retains purified nucleic acid, and, 
thereafter processing the purified nucleic acid without rernoval 
frcrrt the irembrane to produce a series of nucleic acid fragments 
for subsequent separation by electrophoresis. 
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(57) Abstract 

A process for ultrafiltration using constant pressure differential as the driving force is disclosed. This process is particularly suited 
for use in c^ncenSting or purifying proteins and/or nucleic acids, often without any need for one or more d.anltranon steps The process 
SculaTsui™ for small volume applications, such as small concentrator devices and multiple well plates that typ.cally use start.ng 
volumes o ^liquids o less than about 500 microliters. The steps include adding a liquid volume above an ultrafiltrafon membrane and 
IpSng a conslant pressure differential at a force and length of time to achieve the desired concentrate on the upstream s.de of the 
membrane. The concentrate is then diluted or removed for further processing. 



